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PSpeckle-Tracking Radial Strain
Reveals Left Ventricular Dyssynchrony in
Patients With Permanent Right Ventricular Pacing
Laurens F. Tops, MD,* Matthew S. Suffoletto, MD,† Gabe B. Bleeker, MD,* Eric Boersma, PHD,‡
Ernst E. van der Wall, MD,* John Gorcsan III, MD,† Martin J. Schalij, MD,* Jeroen J. Bax, MD*
Leiden and Rotterdam, the Netherlands; and Pittsburgh, Pennsylvania
Objectives Speckle-tracking strain analysis was used to assess the effects of permanent right ventricular (RV) pacing on the
heterogeneity in timing of regional wall strain and left ventricular (LV) dyssynchrony.
Background Recent studies have shown detrimental effects of RV pacing, possibly related to the induction of LV dyssynchrony.
Methods Fifty-eight patients treated with His bundle ablation and pacemaker implantation were studied. To assess the
effect of RV pacing on time-to-peak radial strain of different LV segments, we applied speckle-tracking analysis
to standard LV short-axis images. In addition, New York Heart Association (NYHA) functional class, LV volumes,
and systolic function were assessed at baseline and after long-term RV pacing.
Results At baseline, similar time-to-peak strain for the 6 segments was observed (mean 371  114 ms). In contrast,
after a mean of 3.8  2.0 years of RV pacing, there was a marked heterogeneity in time-to-peak strain of the 6
segments. In 33 patients (57%), LV dyssynchrony, represented by a time difference 130 ms between the time-
to-peak strain of the (antero)septal and the posterolateral segments, was present. In these patients, a deteriora-
tion of LV systolic function and NYHA functional class was observed. In 11 patients, an “upgrade” of the conven-
tional pacemaker to a biventricular pacemaker resulted in partial reversal of the detrimental effects of RV
pacing.
Conclusions Speckle-tracking analysis revealed that permanent RV pacing induced heterogeneity in time-to-peak strain, re-
sulting in LV dyssynchrony in 57% of patients, associated with deterioration of LV systolic function and NYHA
functional class. Biventricular pacing may reverse these adverse effects of RV pacing. (J Am Coll Cardiol 2007;
50:1180–8) © 2007 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2007.06.011t
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tardiac pacing is the only effective treatment in patients
ith symptomatic sinus node dysfunction or atrioventricular
lock. To maintain atrioventricular synchrony, dual-
hamber pacing has been introduced. Surprisingly, large
andomized trials have not been able to prove substantial
enefit of dual-chamber pacing (DDDR) over conventional
entricular rate response (VVIR) pacing (1). More impor-
antly, evidence has emerged that ventricular pacing should
e kept to a minimum (2). Recently, several trials (3–5) have
hown that conventional right ventricular (RV) pacing is
ssociated with an increased risk for development of heart
ailure and death. Furthermore, left ventricular (LV) dila-
rom the *Department of Cardiology, Leiden University Medical Center, Leiden, the
etherlands; †Cardiovascular Institute, University of Pittsburgh, Pittsburgh, Penn-
ylvania; and the ‡Department of Epidemiology and Statistics, Erasmus University,
otterdam, the Netherlands. Theodore P. Abraham, MD, served as Guest Editor for
his article.t
Manuscript received January 8, 2007; revised manuscript received June 14, 2007,
ccepted June 21, 2007.ion (6) and LV dysfunction (7) after RV apical pacing have
een demonstrated.
Currently, few data on the exact cause of the deleterious
ffects of RV pacing exist. Few animal studies have been
erformed on the effect of the abnormal ventricular activa-
ion pattern on regional wall strain (8–10). In a recent
tudy, tissue Doppler imaging was used to demonstrate the
ossible relation between LV dyssynchrony and the detri-
ental effects of RV apical pacing (11). However, tissue
oppler imaging is not an ideal method because, with this
echnique, myocardial velocities are assessed but no infor-
ation on myocardial strain and active deformation is
btained. We hypothesized that the detrimental effects of
V pacing may be related to the induction of heterogeneity
n time-to-peak radial strain of the LV walls, ultimately
esulting in LV dyssynchrony. Strain imaging with mag-
etic resonance imaging tagging may be the most accurate
echnique to assess radial strain and LV dyssynchrony (9);
his technique, however, is technically demanding and is not
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September 18, 2007:1180–8 Pacing-Induced Left Ventricular Dyssynchronyeasible for patients with pacemakers. With the recently
ntroduced speckle-tracking analysis applied to standard echo-
ardiograms (12,13), accurate strain imaging using echocardi-
graphy has become available.
Therefore, in the current study, speckle-tracking radial
train was used to evaluate the effect of permanent RV
acing on the heterogeneity in timing of regional strain and
V dyssynchrony. For this purpose, we studied patients
ith permanent RV apical pacing after His bundle ablation
or drug-refractory atrial fibrillation. In addition, the effect
f long-term RV pacing on LV systolic function, LV
ilation, and functional class was evaluated. Finally, we
valuated whether upgrading RV pacing to biventricular
eversed LV dyssynchrony, with an improvement in LV
ystolic function and functional class.
ethods
tudy sample and study design. Sixty-three patients
reated with His bundle ablation and pacemaker implanta-
ion initially were screened for the study. All patients had
reserved LV systolic function and had no significant
alvular disease. Of the 63 patients, 5 patients (8%) were
xcluded because the echocardiogram image quality was
nsuitable for quantitative speckle-tracking strain analysis.
ventually, the study sample comprised 58 patients with
rug-refractory, permanent atrial fibrillation. Ten patients
ere included in a previous study on the effects of perma-
ent RV pacing (11). In all patients, a clinical decision to
erform a His bundle ablation had been made. Before the
is bundle ablation and pacemaker implantation procedure,
nd after a minimum of 1 year of RV pacing, New York
eart Association (NYHA) functional class was assessed,
nd an extensive echocardiographic evaluation was per-
ormed. Novel speckle-tracking radial strain analysis was
sed to evaluate the presence of LV dyssynchrony at
aseline and after long-term RV pacing. LV systolic func-
ion, LV volumes, and LV dimensions were assessed at
aseline and after long-term RV apical pacing to determine
he effect of pacing on global LV function and LV size.
urthermore, the effect of biventricular pacing on LV
yssynchrony and LV function in previously RV-paced
atients was assessed in 11 patients who received an
upgrade” of the conventional pacemaker to biventricular
acing because of the presence of LV dyssynchrony and
eart failure symptoms.
blation and pacemaker implantation. His bundle abla-
ion was performed with a 4-mm quadripolar mapping/
blation catheter (EPT, Boston Scientific, Natick, Massa-
husetts), accessed through the femoral vein. A temporary
acing electrode was placed in the RV apex for back-up
acing. After the detection of a clear His bundle signal,
adiofrequency energy was applied until complete atrioven-
ricular block was achieved. Thereafter, the permanent
acemaker was implanted. Pacemaker leads were inserted
hrough the subclavian vein using standard implantation aechniques. The RV leads were
ositioned in the RV apex in all
atients. After implantation,
acemakers were routinely pro-
rammed to VVIR mode. The
ay after the procedure, an echo-
ardiogram and a standard X-ray
as performed to exclude peri-
ardia l effus ion and lead
islocation.
chocardiography. All patients
nderwent echocardiography be-
ore the ablation procedure and after long-term permanent
V pacing. Images were recorded with patients in the left
ateral decubitus position using a commercially available
ystem (Vingmed Vivid 5 or 7, General Electric-Vingmed,
ilwaukee, Wisconsin). Images were obtained using a 3.5-
Hz transducer at a depth of 16 cm in the parasternal (long-
nd short-axis) and apical (2- and 4-chamber) views. Standard
-dimensional images and color Doppler data were digitally
tored in cine-loop format.
Left ventricular end-diastolic and -systolic volumes were
ssessed from the apical 2- and 4-chamber images, and LV
jection fraction was calculated using the biplane Simpson’s
ule (14). Furthermore, LV end-diastolic and end-systolic
iameters were measured from the M-mode recordings
erived from the parasternal long-axis images. The severity
f mitral regurgitation was graded semiquantitatively using
olor-flow Doppler in the conventional parasternal long-
xis and apical 4-chamber images (15). Mitral regurgitation
as characterized as: minimal  grade 1 (jet area/left atrial
rea 10%), moderate  grade 2 (jet area/left atrial area
0% to 20%), moderate-severe  grade 3 (jet area/left atrial
rea 20% to 45%), or severe  grade 4 (jet area/left atrial
rea 45%) (15).
train analysis. Radial strain was assessed on LV short-
xis images at the papillary muscle level with speckle-
racking analysis (12,13). Off-line analysis of radial strain
as performed on digitally stored images (EchoPac version
.0.1, General Electric-Vingmed) by 2 independent observ-
rs blinded to the clinical and other echocardiographic
nformation. The novel speckle-tracking software tracks
rame-to-frame movement of natural acoustic markers, or
peckles, on standard gray scale images of the myocardium
frame rate varied from 40 to 80 frames/s), as previously
escribed (12,13). In brief, myocardial strain is assessed
rom temporal differences in the mutual distance of neigh-
oring speckles. The change in length/initial length of the
peckle pattern over the cardiac cycle can be used to
alculate radial strain, with myocardial thickening repre-
ented as positive strain and myocardial thinning as negative
train. Regional LV strain is assessed using a region of
nterest that spans the entire LV myocardium throughout
he cardiac cycle. The traced endocardium is automatically
ivided into 6 standard segments: septal, anteroseptal,
Abbreviations
and Acronyms
ANOVA  analysis of
variance
LV  left ventricle/
ventricular
NYHA  New York Heart
Association
RV  right ventricle/
ventricularnterior, lateral, posterior, and inferior (16).
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Pacing-Induced Left Ventricular Dyssynchrony September 18, 2007:1180–8Time-strain curves for all the 6 segments were con-
tructed. Both peak radial strain values and time from QRS
nset to peak radial strain were obtained. Consequently, the
ocation of the earliest- and latest-activated segments and
he heterogeneity in time-to-peak radial strain for the 6
egments were determined. Left ventricular dyssynchrony
as defined as an interval 130 ms for the absolute
ifference in time-to-peak radial strain for the septal or
nteroseptal wall versus the posterior or lateral wall (16). In
ddition, the time difference between the earliest- and
atest-activated segments was calculated. Furthermore, in-
raobserver and interobserver variability for determining the
ime-to-peak radial strain were evaluated on short-axis
mages of 15 randomly selected patients. Intraobserver
ariability for determining the time-to-peak radial strain of
ll 6 segments was 10  11%, and interobserver variability
as 8  7%. The presence or absence of LV dyssynchrony
fter long-term RV apical pacing was confirmed by tissue
oppler imaging (17).
pgrading permanent RV pacing to biventricular
acing. Biventricular pacing is able to resynchronize the
synchronous contracting heart. To test the hypothesis that
V dyssynchrony induced by RV apical pacing can be
eversed by biventricular pacing, we studied 11 RV-paced
atients of the study sample who were “upgraded” to
iventricular pacing.
In these patients, an upgrade of the conventional pacemaker
o a biventricular pacing device (Contak Renewal, Guidant
orp., St. Paul, Minnesota; or Insync Centry, Medtronic Inc.,
inneapolis, Minnesota) was performed because of develop-
ent of heart failure (NYHA functional class III or IV) and
he presence of LV dyssynchrony. The LV pacing lead was
nserted transvenously via the subclavian route. First, a coro-
ary sinus venogram was obtained during occlusion of the
oronary sinus using a balloon catheter. Next, the LV pacing
ead was inserted in the coronary sinus with the help of an 8-F
uiding catheter and positioned as far as possible into the
enous system, preferably in the (postero)lateral vein. After a
inimum of 6 months of biventricular pacing, functional class
f the patients was re-evaluated, and an extensive echocardio-
raphic study was performed.
tatistical analysis. All continuous variables had normal
istribution (as evaluated with Kolmogorov-Smirnov tests).
ummary statistics for these variables are therefore pre-
ented as mean value  1 SD. Categorical data are sum-
arized as frequencies and percentages. Differences in
aseline characteristics between patients with and without
V dyssynchrony were evaluated with unpaired Student t
ests (continuous variables), chi-square tests, or Fisher exact
ests (dichotomous variables), as appropriate.
One-way analysis of variance (ANOVA) with repeated
easures was applied to evaluate differences in time-to-peak
adial strain between the 6 segments at baseline and at
ollow-up within the separate cohorts of patients with and
ithout LV dyssynchrony. Changes that occurred in theime-to-peak value between the baseline and follow-up visit sere quantified, and differences in changes according to the
resence or absence of LV dyssynchrony were then analyzed
ith 1-way ANOVA. Subsequently, 2-way ANOVA (with
epeated measures for segments) was applied to study
ifferences in time-to-peak radial strain patterns between
atients with and without LV dyssynchrony.
Univariable and multivariable logistic regression anal-
ses were performed to identify possible predictors of LV
yssynchrony. The following variables were investigated:
ge, duration of atrial fibrillation, coronary artery disease,
RS duration at baseline, LV ejection fraction, and
ollow-up duration. All variables entered the multivariable
tage, irrespective of the results of the univariable analyses.
ubsequently, the backward deletion method was applied to
uild the final regression model, and we intended to keep all
ariables with a p value 0.15 in the model. We intended
o report adjusted odds ratios; however, because no variable
eached the prespecified p  0.15, we report only the crude
nadjusted odds ratio with their corresponding 95% confi-
ence intervals.
Changes in LV function and LV size between the
aseline and follow-up visit were quantified, and differences
n these changes between patients with and without LV
yssynchrony were studied with unpaired Student t tests.
hanges in LV ejection fraction over the 3 different time
oints (baseline, RV pacing, biventricular pacing) for 11
atients who were upgraded to biventricular pacing were
nalyzed with 1-way ANOVA with Bonferroni post-hoc
esting (3 repeated tests; p  0.0167 was considered
ignificant for each test).
Analyses were performed using SPSS software (version
2.0, SPSS Inc., Chicago, Illinois). All statistical tests were
-sided, and a p value 0.05 was considered significant.
esults
tudy sample. Fifty-eight patients treated with His bundle
blation and pacemaker implantation were studied. The
aseline characteristics of the study sample are listed in
able 1. In all patients, the ablation and pacemaker implan-
ation procedures were performed successfully. No compli-
ations related to the procedures were observed. Mean
ollow-up was 3.8  2.0 years (range 1.2 to 8.7 years).
train analysis: heterogeneity in time-to-peak radial
train. Time-to-peak radial strain was assessed for the 6
tandard segments: septal, anteroseptal, anterior, lateral,
osterior, and inferior. A total of 762 segments were
nalyzed on the LV short-axis images. Of the 762 segments,
5 segments (5%) were excluded because of poor tracking
cores. Subsequently, the site of earliest and latest mechan-
cal activation throughout the cardiac cycle was determined.
t baseline, there was a homogeneous distribution of the
arliest and latest mechanical activated sites among the 6
egments (Fig. 1A). In contrast, after long-term permanent
V pacing, a marked heterogeneity in time-to-peak radialtrain of the 6 segments was observed (Fig. 1B). The septal
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September 18, 2007:1180–8 Pacing-Induced Left Ventricular Dyssynchronynd the anteroseptal segments were most frequently the
arliest-activated segments (34% and 30% of the total
arliest-activated segments, respectively), whereas the lateral
nd posterior segments were only seldom the earliest-
ctivated sites (7% and 6%, respectively). In contrast, the
ateral and posterior segments were most frequently the
atest activated segments (31% and 25%, respectively),
hereas the septal (5%) and the anteroseptal (6%) were
arely the latest-activated segments (Fig. 1).
Baseline Characteristics of the Study Sample
Table 1 Baseline Characteristics of the Stu
All Patients
(n  58)
LV Dys
Age, yrs 61 11
Gender, M/F 33/25
Duration of AF, yrs 7 5
Previously used antiarrhythmic
drugs, n
3.2 1.3
Hypertension, n (%) 26 (45)
Severe MR (grade 3–4), n (%) 0 (0)
Coronary artery disease, n (%) 8 (14)
Previous myocardial infarction,
n (%)
4 (7)
NYHA functional class 1.7 0.6
QRS duration, ms 99 10
*As assessed with unpaired Student t (continuous variables), chi-squa
AF  atrial fibrillation; LV  left ventricular; MR  mitral regurgitat
Figure 1 Distribution of Time-To-Peak Radial Strain Among the
(A) Time-to-peak radial strain was similar among the 6 standard segments at base
manent right ventricular pacing. The septal and anteroseptal segments were most
rior segments were most frequently the sites of latest mechanical activation. A V dyssynchrony assessment with speckle-tracking radial
train. The difference in time-to-peak radial strain between
he 6 segments can be used to assess LV dyssynchrony. A
ime difference 130 ms between the time-to-peak radial
train of the (antero)septal and the posterolateral segments
as been found to predict the response to cardiac resynchro-
ization therapy (16). Therefore, we used this cut-off value
o determine the presence of LV dyssynchrony. In Table 2,
he time-to-peak radial strain values at baseline and at
mple
rony Absent
25)
LV Dyssynchrony Present
(n  33) p Value*
11 63 12 0.1
10 18/15 0.8
5 6 5 0.3
1.5 3.2 1.1 0.9
48) 14 (42) 0.8
0) 0 (0) 1.0
12) 5 (15) 1.0
4) 3 (9) 0.6
0.6 1.8 0.7 0.5
11 99 11 0.8
isher exact tests (dichotomous variables), as appropriate.
HA  New York Heart Association.
gments
B) Distribution of the sites of earliest and latest mechanical activation after per-
ntly the sites of earliest mechanical activation, whereas the lateral and poste-
r; AS  anteroseptal; I  inferior; L lateral; P  posterior; S  septal.dy Sa
synch
(n 
59
15/
7
3.2
12 (
0 (
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1.7
1006 Se
line. (
freque
anterio
f
i
r
t
s
e
b
d
m
d
s
r
(
i
R
e
I
b
i
s
w
d
w
b
t
d
f
o
r
d
c
R
t
s
s
1
1
t
m
v
p
s
t
w
n
a
d
s
3
i
p
t
1
l
4
s
i
I
t
L
T
*
MA
1184 Tops et al. JACC Vol. 50, No. 12, 2007
Pacing-Induced Left Ventricular Dyssynchrony September 18, 2007:1180–8ollow-up are shown with the study sample divided accord-
ng to the presence or absence of LV dyssynchrony.
At baseline, strain curves revealed similar time-to-peak
adial strain among the 6 segments (Table 2). Mean
ime-to-peak radial strain was 371  114 ms for the 6
egments in all patients. There were no significant differ-
nces in time-to-peak radial strain among the 6 segments at
aseline (Table 2). Accordingly, there was no significant
elay between the (antero)septal and posterolateral seg-
ents (mean difference 26 25 ms). Furthermore, the time
ifference between the earliest- and the latest-activated
egments was 37 31 ms. Left ventricular dyssynchrony, as
epresented by a time difference 130 ms between the
antero)septal and posterolateral segments, was not present
n any patient at baseline.
In contrast, after a mean of 3.8  2.0 years of permanent
V pacing, radial strain curves revealed significant differ-
nces in time-to-peak radial strain among the 6 segments.
n 33 (57%) patients, there was a difference of 130 ms
etween the (antero)septal and posterolateral segments,
ndicating the presence of LV dyssynchrony. The study
ample was subsequently divided into 2 groups: patients
ithout LV dyssynchrony (n  25) and patients with LV
yssynchrony (n  33) after permanent RV pacing. There
ere no significant differences in baseline characteristics
etween the 2 groups (Table 1), and none of the variables
hat we considered were significantly associated with the
evelopment of LV dyssynchrony (Table 3). Duration of
ollow-up was similar between the patients with and with-
ut LV dyssynchrony (4.0  2.0 years and 3.8  2.0 years,
espectively) and paced QRS duration at follow-up was not
ifferent between the patients with and without LV dyssyn-
hrony (169  20 ms vs. 167  21 ms, p  0.8).
adial strain after long-term permanent RV pacing. In
he patients with LV dyssynchrony, time-to-peak radial
train was significantly shorter in the septal and anteroseptal
egments, as compared with baseline values (septal 280 
20 ms vs. 366  131 ms, p  0.014; anteroseptal 287 
ime-to-Peak Radial Strain for the 6 Segments at Baseline and Afte
Table 2 Time-to-Peak Radial Strain for the 6 Segments at Base
Septal Anteroseptal A
Baseline LV dyssynchrony absent
(n  25), ms
375 100 371 101 37
LV dyssynchrony present
(n  33), ms
366 131 369 125 37
Follow-up LV dyssynchrony absent,
ms
375 72 389 63 39
LV dyssynchrony present,
ms
280 120 287 100 40
 baseline to
follow-up
LV dyssynchrony absent,
ms
7 126 26 128 3
LV dyssynchrony present,
ms
80 159 79 164 3
As assessed with 1-way analysis of variance; †as assessed with 2-way analysis of variance.
LV  left ventricular.00 ms vs. 369  125 ms, p  0.019). In contrast,
*ime-to-peak radial strain in the lateral and posterior seg-
ents was significantly longer, as compared to baseline
alues (lateral 453  77 ms vs. 370  129 ms, p  0.008;
osterior 445  93 ms vs. 371  126 ms, p  0.007).
Conversely, in the patients without LV dyssynchrony, no
ignificant differences in time-to-peak radial strain among
he 6 segments were observed. Time-to-peak radial strain
as longer for all 6 segments as compared to baseline, but
o significant differences were detected (Table 2).
In addition to time-to-peak strain, peak radial strain was
ssessed for the 6 standard segments. At baseline, no
ifferences were noted in peak radial strain among the 6
egments (septal 31 14%, anteroseptal 32 13%, anterior
2  15%, lateral 33  16%, posterior 33  17%, and
nferior 33  14%). In contrast, after long-term RV pacing,
eak radial strain was significantly lower in the septal and
he anteroseptal segments (21  13%, p  0.007, and 24 
6%, p 0.039, respectively) and significantly greater in the
ateral and posterior segments (43  20%, p  0.030, and
2  20%, p  0.040, respectively), whereas peak radial
train remained similar in the anterior (32  20%) and
nferior (32  18%) segments, as compared with baseline.
nterestingly, no significant differences were noted between
he patients with LV dyssynchrony and the patients without
V dyssynchrony.
rmanent Right Ventricular Pacing
and After Permanent Right Ventricular Pacing
r Lateral Posterior Inferior
p Value
Among
6 Segments*
p Value
Between
2 Groups†
6 365 98 365 103 373 104 0.06 0.5
25 370 129 371 126 373 130 0.8
4 389 54 394 57 379 77 0.2 0.001
6 453 77 445 93 374 124 0.001
19 30 113 37 116 12 145 0.09 0.001
54 87 157 81 144 9 148 0.001
ultivariable Regressionnalysis for Prediction of LV Dyssynchrony
Table 3 Multivariable RegressionAnalysis for Prediction of LV Dyssynchrony
Odds Ratio
(95% Confidence Interval) p Value
Age* 0.97 (0.92–1.01) 0.1
Duration of AF* 1.06 (0.94–1.19) 0.3
Coronary artery disease 0.61 (0.14–2.74) 0.5
QRS duration 1.01 (0.96–1.06) 0.8
LV ejection fraction 0.98 (0.88–1.09) 0.7
Follow-up duration* 0.92 (0.71–1.20) 0.5r Pe
line
nterio
3 9
5 1
5 6
7 7
1 1
8 1Ratio per year.
AF  atrial fibrillation; LV  left ventricular.
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September 18, 2007:1180–8 Pacing-Induced Left Ventricular DyssynchronyThirty-eight patients underwent echocardiography
ithin 1 day after the pacemaker implantation as part of
he clinical evaluation. Of these patients, 14 (37%)
howed LV dyssynchrony immediately after pacemaker
mplantation. In addition, at follow-up, tissue Doppler
maging was performed to confirm the presence or absence
f LV dyssynchrony. All patients with LV dyssynchrony on
peckle-tracking analysis also had LV dyssynchrony on
issue Doppler imaging (mean 103  21 ms). All patients
ithout LV dyssynchrony on speckle-tracking analysis also
ad no LV dyssynchrony on tissue Doppler imaging (mean
9  22 ms).
At baseline and follow-up, NYHA functional class was
ssessed and echocardiographic evaluation was performed to
ssess LV volumes, diameters, and LV systolic function. In
he patients with LV dyssynchrony, NYHA functional class
eteriorated from 1.8  0.7 to 2.4  0.7 (p  0.001),
hereas NYHA class improved in the patients without LV
yssynchrony (from 1.7 0.6 to 1.4 0.6, p 0.008). The
V parameters as assessed with standard echocardiograms
re listed in Table 4.
pgrading permanent RV pacing to biventricular
acing. In 11 patients, an upgrade of the conventional
acemaker to a biventricular pacing device was performed
.1 2.0 years after the His bundle ablation and pacemaker
mplantation procedure because of heart failure symptoms
nd the presence of LV dyssynchrony. The LV pacing lead
as positioned in the midlateral region in 3 patients (27%)
nd in the postero-lateral region in 8 patients (73%). After
mean of 11 8 months, an extensive echocardiogram was
erformed to assess LV function and LV dyssynchrony.
In all patients, radial strain curves revealed disappearance
f the LV dyssynchrony after upgrade to biventricular
acing. Time-to-peak radial strain for the different seg-
ents were: septal 373  56 ms, anteroseptal 362  53 ms,
nterior 369  53 ms, lateral 367  54 ms, posterior 386 
3 ms, and inferior 374  48 ms. A difference in time-to-
eak radial strain 130 ms between the (antero)septal
nd posterolateral segments was not present in any
atient. A representative example of the speckle-tracking
train curves of a patient at the different time points is
hown in Figure 2.
chocardiographic Parameters of LV Function and LV Size at Basel
Table 4 Echocardiographic Parameters of LV Function and LV S
LV Dyssynchron
Baseline Follo
LV ejection fraction, % 48 5 51
LV end-diastolic volume, ml 115 27 119
LV end-systolic volume, ml 60 17 58
LV end-diastolic diameter, cm 5.2 0.7 5.4
LV end-systolic diameter, cm 3.4 0.6 3.5
Fractional shortening, % 35 9 35
Clinically relevant mitral regurgitation (grade 3–4), n (%) 0 2 (
Difference between () values of patients with left ventricular (LV) dyssynchrony versus patients
est for dichotomous variables.
RV  right ventricular.Of interest, mean LV ejection fraction improved from
0  8% to 39  7% (p  0.001) after upgrade to
iventricular pacing. In all patients, an increase in LV
jection fraction 5% was observed. Left ventricular ejec-
ion fractions for the different time points in the 11 patients
re demonstrated in Figure 3. In addition, the deleterious
ffects of RV apical pacing on LV volumes were partially
eversed after upgrade to biventricular pacing. Left ventric-
lar end-diastolic volume had decreased from 224  66 ml
o 167  47 ml (p  0.001), and LV end-systolic volume
ad decreased from 160  58 ml to 103  34 ml (p 
.001) after upgrade to biventricular pacing. In all patients,
decrease in end-systolic volume 15% was observed. In
ddition, NYHA functional class improved after upgrade to
iventricular pacing from 3.1  0.3 to 2.1  0.5 (p 
.001).
iscussion
n the present study, speckle tracking revealed heterogeneity
n time-to-peak radial strain and LV dyssynchrony in 57%
f the patients with permanent RV pacing after His bundle
blation. The present study further extends our previous
ndings (11). Whereas previously myocardial velocities were
ssessed with tissue Doppler imaging (11), in the present
tudy timing of regional LV strain was assessed with the use
f speckle tracking. Frequently, strain analysis allows for
ore accurate analysis of LV function/dyssynchrony since it
ay permit differentiation between active contraction and
assive motion. In addition, using this novel technique,
ccurate evaluation of LV dyssynchrony at baseline was
ossible, whereas in the previous study the M-mode derived
eptal-to-posterior wall motion delay was used (11). Most
mportantly, in the present study it was demonstrated that
V dyssynchrony induced by RV apical pacing could be
eversed in patients receiving an “upgrade” to biventricular
acing, with a concomitant improvement in LV function
nd functional class.
train analysis. In the present study, novel speckle-
racking software applied to standard short-axis images was
sed to assess timing of regional wall strain, and identify
egions of early and late activation in permanent RV paced
nd After RV Pacing
t Baseline and After RV Pacing
nt (n  25) LV Dyssynchrony Present (n  33)
 Baseline Follow-Up  p Value*
4 8 48 5 39 10 10 11 0.001
3 18 124 38 158 70 34 50 0.004
3 14 65 24 99 59 37 50 0.001
0.1 0.7 5.5 0.9 6.0 1.0 0.4 0.7 0.5
0.1 0.7 3.8 0.9 4.4 1.3 0.5 1.0 0.2
1 9 32 11 27 12 4 13 0.8
2 0 5 (15%) 5 0.7
LV dyssynchrony, as assessed with unpaired t tests for continuous variables and the Fisher exactine a
ize a
y Abse
w-Up
 7
 29
 18
 0.4
 0.5
 7
8%)
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Pacing-Induced Left Ventricular Dyssynchrony September 18, 2007:1180–8atients. Speckle-tracking radial strain is a novel technique
hat allows angle-independent measurement of regional
train and time-to-peak radial strain of different segments
mong the LV wall (12,13). This new technique has
ecently been validated using sonomicrometry and magnetic
esonance imaging (18,19). Furthermore, it has been dem-
nstrated that speckle tracking can quantify LV dyssyn-
hrony and accurately predict responders to cardiac resyn-
hronization therapy (16). In addition, speckle-tracking
nalysis allows for an accurate quantification of regional wall
train and time-to-peak wall strain, with a high reproduc-
bility (20,21). In the current study, a good inter- and
ntraobserver agreement for this novel technique was noted.
Using speckle-tracking radial strain, induction of hetero-
eneity in strain after RV pacing was demonstrated, with a
hort time-to-peak radial strain of the anteroseptal seg-
ents and a long time-to-peak radial strain of the postero-
ateral segments. At present, no studies have been reported
oncerning the effects of permanent RV apical pacing on
iming of regional wall strain in patients. In contrast, several
nimal studies have reported wall strain analysis during RV
acing (8–10). Wyman et al. (8) used magnetic resonance
maging tagging to evaluate regional wall strain in 7 dogs
uring RV apical pacing. Similar to the present findings, the
uthors demonstrated an early activation of the septum with
ate activation of the lateral wall during RV apical pacing.
ohi et al. (10) studied the effect of RV and biventricular
acing in 8 dogs using angle-corrected tissue Doppler strain
maging. The authors reported similar heterogeneity in
ctivation with short time-to-peak strain in the septal
egments (189 55 ms) and long time-to-peak strain in the
Figure 3 Effect of Upgrading to
BiV Pacing on LV Ejection Fraction
Left ventricular (LV) ejection fraction at different time points for 11 patients
who were upgraded to biventricular (BiV) pacing after a mean of 4.1  2.0
years of permanent right ventricular (RV) pacing. After permanent RV pacing, LV
ejection fraction had significantly decreased. This was partly reversed after
upgrade to BiV pacing. *As assessed with repeated measures analysis of vari-
ance. Bonferroni post-hoc testing revealed significant differences between
baseline and RV pacing (p  0.001) and between RV pacing and BiV pacing
(p  0.01).Figure 2 Radial Strain Curves Assessed With Speckle-
Tracking Analysis of a Representative Patient
The color-coded curves represent the 6 segments (light blue  septal; yellow 
anteroseptal; red  anterior; green  lateral; purple  posterior; dark blue  inferior).
(A) Before His bundle ablation and pacemaker implantation, there was no significant
delay in time-to-peak radial strain among the 6 segments. (B) After 4 years of perma-
nent right ventricular pacing, a marked heterogeneity in time-to-peak strain for the 6
segments was observed. A time difference 130 ms was present between the time-
to-peak radial strain of the septal (arrow) and posterolateral (open arrow) segments.
(C) In this patient, upgrade of the conventional pacemaker to a biventricular pace-
maker was performed. More than 1 year after “upgrade,” the radial strain curves
revealed restoration of synchronous left ventricular activation, with no significant delayree wall (487  37 ms) during RV pacing.
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nalysis revealed that the site of earliest mechanical activa-
ion was mainly located at the (antero)septum, whereas the
ite of latest activation was mainly located at the postero-
ateral wall. In a mapping study in 40 patients, Vassallo et al.
22) demonstrated that the site of earliest activation in the
eft ventricle during RV pacing was consistently located in
he septum. In addition, the authors demonstrated that the
ite of latest activation during RV apical pacing varied (22)
ut was predominantly located in the posterior wall. The
urrent observations are in line with this study: 64% of the
arliest-activated segments were located in the (antero)sep-
um, and 56% of the latest-activated segments were located
n the posterolateral wall (Fig. 1).
A significant time difference between the earliest and
atest time-to-peak radial strain represents intraventricular
onduction delay or LV dyssynchrony. Previously, a time
ifference 130 ms between the (early) septal and the (late)
osterior wall, as assessed with speckle-tracking radial
train, has been demonstrated to be a good predictor for
esponse to cardiac resynchronization therapy (16). Inter-
stingly, in the present study, not all patients exhibited a
ignificant delay between the earliest-activated (antero)sep-
um and the latest-activated posterolateral wall. In 53% of
he patients, significant LV dyssynchrony was present after
ong-term RV pacing. Furthermore, time-to-peak radial
train in the patients without LV dyssynchrony was later in
ll segments as compared to the non-paced baseline value.
hus, the exact effect of RV apical pacing may differ per
atient. This may be related to the fact that the electrical
mpulses propagate more slowly through the myocardium
uring RV pacing than through the Purkinje system during
ormal sinus rhythm. However, it remains unclear why
ome patients develop significant LV dyssynchrony and
thers do not. There were no differences in baseline character-
stics between the 2 groups, and mean follow-up duration was
imilar in the 2 groups. Importantly, a multivariable logistic
egression analysis including age, duration of atrial fibrilla-
ion, coronary artery disease, QRS duration at baseline, LV
jection fraction, and follow-up duration was not able to
dentify any predictor for the development of LV dyssyn-
hrony in the present study. Future studies are needed to
dentify the patients who are more vulnerable for the
etrimental effects of permanent RV apical pacing. Further-
ore, more studies are needed to determine whether LV
yssynchrony is induced acutely with RV apical pacing or
evelops over time.
mpact of RV pacing on LV function and heart failure
ymptoms. Recently, several trials have stressed the dele-
erious effects of RV apical pacing. In the DAVID (Dual
hamber and VVI Implantable Defibrillator) trial (3),
DDR pacing increased the risk of death or heart failure
ospitalization, as compared with VVIR back-up pacing in
06 patients with an indication for implantable
ardioverter-defibrillator therapy. Similarly, the MOST
Mode Selection) trial (4) demonstrated that the cumulative fercent ventricular pacing was a strong predictor of heart
ailure hospitalization in patients with DDDR and VVIR
acing. The aforementioned studies suggest that RV apical
acing should be avoided. However, the exact mechanism of
he detrimental effect of RV apical pacing remains unclear
n these studies. The present study shows that the decrease
n LV systolic function and NYHA functional class is
irectly related to the presence of LV dyssynchrony. Previ-
usly, it has been suggested that the detrimental effects of
V apical pacing may be more pronounced in patients with
V dysfunction before pacemaker implantation (4). How-
ver, in the present study no differences in baseline charac-
eristics between the patients with and the patients without
V dyssynchrony were found.
ffects of upgrade to biventricular pacing. To reverse the
bnormal activation pattern (i.e., LV dyssynchrony) induced
y RV pacing, biventricular pacing could be considered. In
he present study, 11 patients received an “upgrade” of the
onventional pacemaker to biventricular pacing. LV dyssyn-
hrony, induced by RV apical pacing, largely resolved with
concomitant improvement in LV function and NYHA
unctional class. Leon et al. (23) reported similar results in
0 patients with severe heart failure and previous atrioven-
ricular node ablation and permanent RV pacing. After
pgrade to biventricular pacing, LV ejection fraction improved
rom 22  7% to 31  12%, and NYHA functional class
mproved from 3.4  0.5 to 2.4  0.6. The HOBIPACE
Homburg Biventricular Pacing Evaluation) trial (24) re-
ently demonstrated that in 30 patients with standard
acemaker indication and LV dysfunction, biventricular
acing was superior to conventional RV pacing regarding
V systolic function (ejection fraction biventricular 34.8 
.9% vs. RV pacing 28.5  11.2%, p  0.001), NYHA
unctional class (biventricular 1.9 0.6 vs. RV pacing 2.5
.7, p 0.05), and exercise capacity (peak oxygen consump-
ion biventricular 14.0  3.0 ml/min/kg vs. RV pacing
2.5  2.9 ml/min/kg, p  0.001).
In addition, alternative pacing sites (such as RV outflow
ract, paraHisian, or direct His bundle pacing) have been
roposed to replace RV apical pacing (2). Several short-term
tudies have reported a modest benefit of RV outflow tract,
s compared with RV apical pacing (25). Furthermore,
araHisian (26) and direct His bundle pacing (27) have
een proven to be feasible. However, concerns about long-
erm lead stability at the various sites exist, and no large
andomized trials on long-term benefit over RV apical
acing have been reported. Still, alternative pacing sites may
revent the occurrence of LV dyssynchrony as induced by
V apical pacing and, therefore, could be considered in
atients who need permanent pacing.
tudy limitations. In the present study, only 6 segments at
he midventricular level were analyzed using radial strain
nalysis. Analysis at more basal and apical levels and analysis
f circumferential or longitudinal strain may provide addi-
ional information on the effects of RV apical pacing on LV
unction. Nonetheless, it has been demonstrated that radial
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Pacing-Induced Left Ventricular Dyssynchrony September 18, 2007:1180–8train analysis at the midventricular level is of great value for
he detection of LV dyssynchrony and the prediction of
esponse to cardiac resynchronization therapy (16). Addi-
ional head-to-head comparisons are needed to determine
hich type of strain analysis (radial, longitudinal, or circum-
erential) provides optimal information.
onclusions
peckle-tracking radial strain revealed that permanent RV
acing induced heterogeneity in time-to-peak strain among
he LV walls (with early activation in the [antero]septal and
ate activation in the posterolateral segments). In 57% of
atients, this resulted in the presence of LV dyssynchrony.
n these patients, a deterioration of LV systolic function and
YHA functional class was observed. Upgrade to biven-
ricular pacing resulted in (partial) reversal of these detri-
ental effects of RV pacing.
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